Azaspiracids (AZAs) are a group of lipophilic polyether compounds first detected in Ireland which have been implicated in shellfish poisoning incidents around Europe. These toxins regularly effect shellfish mariculture operations including protracted closures of shellfish harvesting areas for human consumption. The armoured dinoflagellate Azadinium spinosum Elbrächter et Tillmann gen. et sp. nov. (Dinophyceae) has been described as the de novo azaspiracid toxin producer; nonetheless the link between this organism and AZA toxin accumulation in shellfish has not yet been established. In August 2009, shellfish samples of blue mussel (Mytilus edulis) from the Southwest of Ireland were analysed using liquid chromatography-tandem-mass spectrometry (LC-MS/MS) and were found to be above the regulatory limit (0.16 μg g −1 AZA-equiv.) for AZAs. Water samples from this area were collected and one algal isolate was identified as A. spinosum and was shown to produce azaspiracid toxins. This is the first strain of A. spinosum isolated from Irish waters. The Irish A. spinosum is identical with the other two available A. spinosum strains from Scotland (3D9) and from Denmark (UTHE2) in its sequence of the D1-D2 regions of the LSU rDNA.
Introduction
Azaspiracids (AZAs) are a group of lipophilic polyether toxins which were first detected in shellfish in 1995 from a contaminated batch of mussels (Mytilus edulis) from Killary harbour, county Galway on the west coast of Ireland. This event led to a poisoning incident in the Netherlands in November of that year where eight people became ill with symptoms typical of diarrhetic shellfish poisoning (DSP), however chemistry results showed that DSP toxins were only found in the shellfish at low concentrations and phytoplankton samples did not 51
show the presence of DSP toxin producing algae in the water, yet the mousse bioassay was 52 strongly positive (McMahon & Silke, 1996) . In 1998 this novel group of compounds were 53 isolated and chemically characterized from shellfish (Satake et al., 1998 , Ofuji et al.1999 . A 54 few years later azaspiracids were confirmed in the UK and Norway (James et al., 2002) , 55
Morocco (Taleb et al., 2006) and Portugal (Vale et al., 2008) suggesting that azaspiracid 56 toxicity had a more extensive distribution along the west European Atlantic seaboard and as 57 far as north Africa . There is evidence now that the distribution of azaspiracids may be 58 worldwide with azaspiracids found in Japan (Ueoka et al., 2009 ), Chile (Alvarez et al. 2010, 59 Lopez-Rivera et al. 2010) and Canada (Twiner et al.,2010) . 60
The development of routine chemical analysis as a monitoring tool showed azaspiracid 61 concentrations found in M.edulis in Ireland between 2003 and 2010 using LC-MS/MS ( Fig.  62 1) indicates that the presence of azaspiracids has been a recurring problem since 2005 63 annually. However, AZA toxins were found at concentrations below the regulatory limit in 64 2003 and not detected in 2004 and the first half of 2005, suggesting that there could be a 65 cyclical element to AZA events. While the accumulation of AZA toxins has been reported in 66 a number of different shellfish species (Table 1), levels above the regulatory limit have only 67 been observed in blue mussels (Mytilus edulis) and pacific oysters (Crasostrea gigas) in 68 Ireland. 69 Due to the ability to accumulate high levels of AZA toxins, mussels have become an 70 important source of AZAs for toxin isolation , Perez et al., 2010 . Since the 71 first characterization of AZA1 by Satake et al., 1998 other structural variants have been 72 isolated and characterised: AZA2 and AZA3 (Ofuji et al., 1999a (Ofuji et al., : 2001 and AZA6-AZA11 73 (James et al., 2003a) with AZA12 theoretically postulated, the number of variants was 74 increased from AZA12-AZA 32 later by Rehmann et al., 2008 with the discovery of new 75 dihydroxy and carboxy-AZAs. Most of these AZA variants have been reported to be shellfish 76 metabolites (Rehman et al., 2008) rather than de novo products of plankton, apart from 77 AZA1, AZA2 and AZA3 . However, Krock et al., 2009 only detected 78 AZA1 and AZA2 in the field samples from Scotland generating uncertainties over the 79 production of AZA3 by plankton. Fux et al., 2009 did find low amounts of AZA3 using Solid 80 Phase Adsorption Toxin Tracker Device (SPATT), a passive sampler, but concluded that a 81 heat treatment step could have influenced the enzymatic activity of the SPATT prior to the 82 extraction allowing the metabolism of AZA1 to AZA3. 83
In 2008, the causative organism was discovered from the North-East coast of Scotland 84 ) and described as a genera and species novo (Tillman et al., 2009 ). This 85 organism, a small armoured dinoflagellate named A. spinosum was shown to produce AZA 86 toxins in culture and effectively identified as de novo producer of azaspiracids. Later, 87
McCarron et al., 2009 reported that AZA17 and -19 are formed by oxidation of the 22-methyl 88 group of AZA1 and -2 respectively. In this study, heat induced decarboxylation of AZA17 89 and -19 from AZA3 and -6 was demonstrated showing the possible bioconversion pathways 90 of these toxins in shellfish. 91
The Marine Institute phytoplankton unit collected water samples between August and 92 September of 2009 following positive results in blue mussels of AZA toxins. The samples 93 yielded several isolates and cultures, one of which was shown to produce AZA1 and AZA2. 94
The Irish isolate was provisionally named SM2. Here, we report on the taxonomic identity of 95 the Irish toxin producer and the genotypic/phenotypic relationship with other Azadinium 96 species and its toxin profile. The link between A.spinosum toxicity and toxin accumulation in 97 shellfish had not yet been established. It was not known whether blue mussels were able to 98 directly ingest the small thecate dinoflagellate A. spinosum or if toxin accumulation in 99 mussels is mainly achieved via planktonic vector species which have potentially accumulated 100 AZA toxins by consuming the small armoured dinoflagellate. Thus, a feeding trial was 101 designed to demonstrate that blue mussels are able to feed and digest directly from an algal 102 suspension of A.spinosum , that AZA toxins accumulate in their digestive system and that 103 ultimately these are metabolised into other AZA analogues. 104 105 2. Materials and Methods 106 2.1 Sample collection, isolation and culture of an AZA producing dinoflagellate 107
Field collection using a submersible pump 108
The culture of an Irish strain of A. spinosum provisionally designated as SM2 was established 109 from water samples collected in the South west coast of Ireland, at Gearhies pier, Bantry bay 110 (latitude: 51° 39' 4.7'' N, longitude: 9° 35' 11'' E) during September of 2009 coinciding with 111 an increase of AZA toxin in shellfish as reported by the Marine Institute biotoxin monitoring 112 programme. The water samples were collected using a pump below surface and at 3 m depth, 113 approximately100 L of seawater were pumped into a fraction sampler to separate and 114 concentrate the different size fractions (60 µm, 38 µm and 20 µm). The filtrate was also 115 collected into 25 L polyethylene drums for cell concentration down to 3 µm in size using a 116 vacuum pump at low pressure and 3 µm pore size TSTP Millipore TM membrane filters. 117
Approximately 5 L of 20 µm sample filtrate was concentrated down (3 µm) to approximately 118 50 ml volume before isolation. 119 120
Isolation and culture conditions 121
The dinoflagellates were isolated using single cell isolation by micropipette in 96 cell tissue 122 culture plates (Corning, New York, USA). The isolates were kept in F/2 without silica 123 The culture was extracted by solid phase extraction (SPE). An Oasis HLB, 3 cc cartridge was 170 initially conditioned with 5 ml of methanol, flushed with 10 ml of a 5% methanol solution (in 171 water) and then loaded with 10 ml of culture slowly (drop wise). The cartridge was flushed 172 again with 10 ml of a 5% methanol solution followed by toxin elution with 4 ml of methanol. 173
The methanol extract was blown down to dryness, reconstituted back up in 0.5 ml of 174 methanol and transferred into a HPLC vial for analysis. 175 subjected to the following thermocycling conditions: an initial denaturation at a temperature 215 of 95 °C for 7 min was followed by 35 cycles of denaturation at 94 °C for 45 seconds, 216 annealing temperature at 54 °C for 2 min and elongation temperature at 72 °C for 1.5 min. A 217 final extension step at 72 °C was carried out for 10 min. The completed reactions were kept 218 at 10 °C until the next step. The PCR amplicons were analysed on 1% agarose by 219 electrophoresis. Sequencing was conducted with a standard cycle sequencing chemistry ABI 220 3.1 (Applied Biosystems, Darmstadt, Germany) using the PCR primer sets. Cycle sequencing 221 products were analyzed on an ABI 3130 XL capillary sequencer (Applied Biosystems, 222 Darmstadt , Germany) 223
Analysis by LC-MS/MS

Sequence alignment for phylogenetic analyses 225
Sequence alignment was done with CLUSTAL X software (Thompson et al., 1997) Greenore (Lat: 54.0339˚N, Long: -6.1417W) in the East coast of Ireland. The mussels were 239 cleaned of all fouling organisms and placed in 20L clear plastic carboys filled with sterile 240 filtered seawater (30 psu salinity) in the walk-in incubator at 18 ˚ Celsius. Any dead mussels 241 were removed from the carboys. The experiment consisted of a 24 h feeding experiment with 242 M. edulis and the azaspiracids producing dinoflagellate A.spinosum at three cell densities to 243 study feeding activity, toxin uptake and bioconversion of toxins in the shellfish digestive 244 system. The cultures of A.spinosum and the mussels were maintained under the same 245 environmental conditions for a week before the experiment was carried out. 246
Triplicate treatments were prepared in 5 L borosilicate conical flasks (Lennox, Dublin, 247
Ireland) at three cell densities; 30000cells ml -1 , 20000 cells ml -1 and 5000 cells ml -1 of A. 248 spinosum. The mussels used in this study were weighed, measured and labelled before the 249 start of the experiment; 100 g of mussels whole flesh was dissected from the batch of mussels 250 for LC-MS/MS analysis to test for AZAs in the mussels prior to the experiment. Also, a 251 sample of seawater (50ml) used for growing A.spinosum culture before inoculation of the 252 algae was extracted for AZA toxins using a SPE column as described above in 2.3.2. The 253 feeding experiment consisted of three mussels placed in each conical flask containing 254
A.spinosum. Two control samples were set up, one containing three mussels with no algal 255 suspension and one containing algal suspension with no mussels. The latter control was 256 prepared to account for potential decline of algae in the water column due to sedimentation. Figure 3B shows the three intercalary plates on the 347 episome of the cell; the second intercalary plate (2a) is smaller than the other two plates and 348 is located above the third pre-cingular plate. 349 350 Figure 3C shows the complete epithecal plates of A. spinosum, the detail view of the APC 351 ( Fig 3D) shows an identical configuration of the pore described for A. spinosum and 352
A.obesum (Tillmann et al. 2010 ). The apical pore located centrally in the pore plate (Po) 353 which is topped by the cover plate (cp). The X plate is situated between the first apical and 354 the pore plate which protrudes and extends to touch the cover plate. 355
356
The sulcal plates ( Fig. 4A & B 
Azaspiracid composition and content in culture 367
The cultured Irish strain SM2 of A.spinosum produces the azaspiracid analogues AZA1 and -368 2. AZA1 is the major toxin component in the sample and AZA2 is found at lower 369 concentrations. The cell quota from parallel cultures kept in the same conditions as the 370 culture used for the feeding experiment ranged from ~15 to 25fg /cell for AZA1 and ~1 to 371 5fg/cell for AZA2 (data not included). This toxin profile correlates with that found by Krock 372 et al., 2009 in the 3D9 isolate from the Scottish coast. Krock, also reported a potential new 373 analogue (AZAx) which was later found to be an extraction (with methanol) artefact, 374 personal comms. 375
Molecular genetic analysis 376
We amplified and sequenced the D1-D2 regions of the nuclear ribosomal RNA gene from 377 strain SM2. The sequenced region encompassed 436 base pairs, and was exactly identical to 378 the homologous sequences from two previously characterized A. spinosum strains (strains 379 3D9 and UTHE2), and differed in 10 and 8 substitutions from sequences available from A. 3.4.1 Mussels feeding activity 384
All mussels started feeding after a few minutes of being introduced into the flasks containing 385 the algae; this continued for the 24 h that the experiment lasted. Figure 6 illustrates the 386 decreasing concentration of algae in the different treatments over 24 h. The control line 387 demonstrates that sedimentation of the algal suspension in the control treatment during the 388 experiment was negligible. The data suggest that most of the algae have been consumed 389 within three hours of commencement of the experiment, low baseline algal cell 390 concentrations below ~3000 cells ml -1 were found after 5 h in the 30000 cells ml -1 treatment, 391 ~850 cells ml -1 in the 20000 cells ml -1 treatment and ~67 cells ml -1 in the 5000 cells ml -1 392 treatment and after 24 h the estimates were ~73 cells ml -1 , ~50 cells ml -1 and ~4 cells ml -1 393 respectively. 394
395
During feeding, all individual mussels were observed to produce pseudo-faeces in all 396 treatments. The amount of pseudo-faeces produced appeared to slow down after 397 approximately one hour, while some faeces were also produced after approximately two 398 hours. One mussel in one of the 30000 cells ml -1 treatment replicates started spawning after 399 two hours copiously but continued filtering afterwards, which could suggest some level of 400 stress however this appeared to be an isolated episode. 401
Shellfish azaspiracid toxin analysis 402
The mussels and the media used for this experiment were analysed by LC-MS/MS for AZAs 403 to demonstrate that there weren't any toxins initially in the seawater used to grow the algae or 404 in the shellfish tissue prior to carrying out the feeding experiment. Both controls were below 405 the limit of quantification (LOQ) for AZAs. Also, a control using mussels without algal 406 suspension throughout the 24 h experiment was analysed using LC-MS/MS and found to be 407 negative for AZAs (data not included). 408
409
After 24 h the mussels were harvested, dissected and analysed via LC-MS/MS. Figure 7  410 shows the concentration of AZA toxins detected in the mussels hepatopancreas for each 411 treatment. In all treatments, significant amounts of AZA1and AZA2 were found in the 412 mussels with considerably higher concentrations for the two highest cell concentrations of 413 A.spinosum compared to the lower concentration. This demonstrates that mussels do ingest 414 A.spinosum directly and accumulate AZA toxins in their digestive system with toxicity being 415 related to the density of the algae in the water. 416
417
The amount of AZA1 in both the 30000 cells ml -1 treatment and the 20000 cells ml -1 418 treatment was already above the regulatory limit for AZA equivalent toxins suggesting that 419 mussels can become intoxicated with AZAs at A.spinosum cell concentrations of 20000 cells 420 ml -1 over a 24 h period. The concentration of AZA1 and -2 toxins is higher in the HP tissue 421 compared to the toxin concentration found in the remainder with negligible amounts between 422 the limit of detection (0.01 µg g -1 ) and the limit of quantification for the instrument (0.02 µg 423 g -1 ) with the highest amount detected ~0.015 µg g -1 of AZA1 in the 20000 cells ml -1 424 treatment. The concentration of the toxin analogue AZA3 in the mussel HP was below the 425 limit of quantification suggesting that the decarboxylation of AZA17 to AZA3 probably 426 occurs over a longer period of time than 24 h. 427 428 429
3 Azaspiracid toxin analogues results 430
The amount of toxins found varied significantly between mussels, replicates and treatments; 431 this is possibly due to normal physiological differences like size, weight, age and condition of 432 the mussels. We found that AZA1 and -2 toxins were already bioconverting into their 433 carboxylated analogues AZA17 and -19 within the first 24 h .This is evidence that toxin 434 bioconversion takes place in the shellfish digestive tract quite rapidly. The ratio of AZA17 to 435 AZA1 toxins were found in all treatments (n=9) on average to be 1:1 in the mussel The screening of AZA17 in shellfish samples is not a monitoring requirement in the current 444 legislation as AZA17 is converted naturally to AZA3 in the shellfish over time, and it is not 445 thought to be a large component of the total AZA toxin content, however as this feeding 446 experiment indicates, it is possible that if mussels have been contaminated recently with 447 AZAs, the amount of AZA17can equal that of AZA1 or even exceed that of AZA1 resulting 448 potentially in an underestimation of the total amount of AZA toxins in the samples. As 449 shellfish samples are analysed raw, AZA17 won't convert readily to AZA3 unless mussels 450 are cooked or the method incorporates a heating step in the extraction process. 451 452
Toxin budget feeding experiment 453
The total toxin budget for the feeding experiment included the initial and final toxin content 454 of the algal suspension, the toxin found in the mussel tissues (HP and remainder) and the 455 toxin found in the biodeposits (faeces/pseudo-faeces). This budget doesn't include any 456 extracellular dissolved toxin fraction. The budget measures the amount of the principal toxins 457 AZA1 and -2, the oxidation analogues AZA17 and -19 and the decarboxylated analogues 458 AZA3 and-6. The final toxin budget illustrated by the 30000 cells ml -1 treatment (Table 2)  459 shows a high % recovery of toxins from the experiment accounting on average for ~87% of 460 AZA1 and AZA2 of the initial toxin content in the algal suspension, ~ 36% of AZA1 and 461 34% of AZA2 were recovered in the mussel tissues and ~16% of AZA1 and ~21 % of AZA2 462 were found in the biodeposits which indicates some level of toxin excretion , however, after 463 24 h ~35% of AZA1and ~32% of AZA2 toxins were still found in the final water samples 464 which at this point should only contain baseline cell densities of A.spinosum suggesting that 465 some toxins were possibly re-suspended from the biodeposits due to aeration, so it is possible 466 that the amount of toxins in the biodeposits could be larger than the reported budgets. The 467 remaining ~13% of AZA1and AZA2 were not accounted for. 468
469
The toxin budget of the 20000 cells ml -1 and 5000 cells ml -1 treatments (supplementary 470 material) returned a recovery above 100%, ~113% AZA1 and ~120% AZA2 in the 20000 471 cells ml -1 budget and ~150% AZA1 and 175% AZA2 in the 5000 cells ml -1 budget. The high 472 recovery in the 5000 cells ml -1 treatment could be explained by the lower toxin content and 473 the uncertainty in the measurement of the AZA peaks at these concentrations. The recovery 474 in the 20000 cells ml -1 while above the 100%, demonstrates overall that there must be very 475 little loss of toxins into the dissolved phase in any case. This latter point is only hypothetical 476 as we have not calculated the dissolved fraction for this experiment. 477 478
Conclusions 479
Based upon the morphological characteristics described and the Kofoidean tabulation of the 480 recently isolated AZA toxin producer Irish strain SM2 we can conclude that the Irish isolate 481 fits perfectly with the description of A. spinosum. The sequence of the variable D1-D2 482 regions of the nuclear LSU rDNA of the Irish strain SM2 is also identical to those available 483 from the Scottish 3D9 and Danish UTHE2 strains, further supporting their conspecificity. 484 This is the third strain of A.spinosum reported to produce AZAs from a different geographical 485 location in the North Atlantic after the discovery of the 3D9 isolate from the Scottish coast 486 and the UTH E2 isolate from the Danish coast (Tillmann et al., , 2011 . So far no other 487 species of the genus Azadinium that have been tested to date have produced AZAs other than 488 the type species A.spinosum. From a monitoring perspective this organism is very small and 489 difficult to identify to species level in preserved water samples, yet using a good research 490 compound microscope fitted with oil immersion lenses, it is possible to view several 491 important morphological features that describes this species, in particular the antapical spine, 492 which is typical of A.spinosum .While this feature provides reliable identification of the 493 species together with other morphological characteristics typical of the genus, it will be 494 ultimately the development of gene probes that will prove a useful tool in the future of 495 monitoring, quantification and identification of the genus. Molecular methods however may 496 yet take some time to become available for real time monitoring as this genus is still only 497 recently discovered and the continued discovery of new species of Azadinium and strains of 498
A.spinosum and other species in this size range, means that gene probes will have to be 499 exhaustedly tested for cross reactivity between the genus and within the different strains 500 before they can be relied upon. 501
502
Here we have for the first time proof of a direct toxin transfer of AZA toxins from 503 A.spinosum by feeding M. edulis without the need for vector species. Mussels will actively 504 filter, ingest, accumulate and bioconvert azaspiracid toxins quite readily into other AZA 505 analogues. AZA1 and -2 were found to be concentrated mainly in the HP tissue whereas 506 AZA17 and -19 were distributed throughout the whole flesh. The results show that the ratio 507 of AZA17 in the remainder tissue can be up to five or six times the amount of AZA1. AZA17 508 is known to convert readily to the decarboxylated analogue AZA3 upon cooking, however 509 monitoring samples are analysed raw and the analogue AZA17 is not monitored as the 510 present legislation only sets limits for the forms AZA1, AZA2 and AZA3. This means that 511 the total AZA toxin content in shellfish samples could be underestimated. The toxin budget 512 indicated that most of the AZA toxins detected in the plankton can be accounted for in the 513 shellfish tissues, the biodeposits and the particulates in the water suggesting that the dissolved 514 fraction of AZAs in the water should be quite small. These results illustrate the need for 515 further experiments in the kinetics of the principal plankton AZA toxins in shellfish tissues. We would like to thank also Marine Institute staff in the Phytoplankton, and biotoxin sections 523 for the help with culturing, and use of LC-MS/MS. Tara Chamberlain from the phytoplankton 524 lab in Bantry for her help collecting and processing water samples and Mike Sammon in 525
Bantry for his help with boats and deployment of equipment during sampling trips to Bantry 526 bay. Ger Clancy and Daniel O'Driscoll for their help on the feeding experiment experimental 527 design and advice on the metabolism of azaspiracids. 528 Tables   Table 1. Maximum concentration of AZA equivalents (mg kg_1) found in shellfish species cultured in Ireland between 2003 and 2010 analysed using LC-MS/MS. LOQ, limit of quantification. Table 2 . Azaspiracid toxins budget in the 30,000 treatment. Figure 1 . AZA equivalents concentration (mg kg −1 ) found in blue mussels (Mytilus edulis) in Ireland between 2003 and 2010. Please note that two data points are not shown in this table as the AZA equivalent concentrations were too high compare to the rest of the results and it would have caused the graph to collapse at the lower concentrations. The following data points are not shown (7.37 mg kg −1 AZA-equiv. (22/08/05) and 8.97 mg kg −1 AZA-equiv. (01/10/2005)). Figure 5. Maximum likelihood (ML) phylogenetic tree of the dinoflagellates inferred from the D1-D2 region of the 28S/large subunit (LSU) from the rDNA operon. The branch of the dinoflagellate Oxyrrhis marina, which was used as outgroup, is not shown proportionally. Bootstrap analysis was done with 100 replicates. Figure 6 . Cell densities of A. spinosum over 24 h in three treatments (30,000, 20,000, 5000) and control. Figure 7 . Azaspiracid concentrations (mg kg −1 ) found in mussels hepatopancreas (n = 9 per treatment). T1 = 30,000 cells ml −1 , T2 = 20,000 cells ml −1 , T3 = 5000 cells ml −1 and control.
Figures
Supplementary Figure S1 . LC-MS/MS chromatogram (multi reaction monitoring (MRM) mode) of Azadinium spinosum SM2 isolate showing ion traces for AZA1, -2 and -3.
Supplementary Figure S2 . : Azaspiracid concentration (mg kg −1 ) found in the mussel remainder tissue (n = 9 per treatment). T1 = 30,000 cells ml −1 , T2 = 20,000 cells ml −1 , T3 = 5000 cells ml −1 and control. Please note that most AZA concentrations found in the reminder tissue were below the formal limit of quantification for the instrument.
Supplementary Figure S3 . AZA analogues found in mussel HP in treatment 30,000 cells ml −1 after 24 h.
Supplementary Figure S4 . AZA analogues found in mussel remainder tissues in treatment 30,000 cells ml −1 after 24 h (n = 9).
Supplementary Figure S5 . Ratio of AZA 17/AZA 1 per treatment in mussel hepatopancreas after 24 h.
Supplementary Figure S6 . Ratio of AZA 17/AZA 1 per treatment in mussel remainder tissues after 24 h.
